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SYSTEM AND METHOD FOR ADAPTTVELY OPTIMIZING 
PROGRAM EXECUTION BY SAMPLING AT SELECTED PROGRAM POINTS 



This invention relates generally to computer program execution systems, e.g., optimizing 
compilers, and more specifically, to a sampling-based system and method implementing yield 
points in executing programs to enable the checking of multiple system conditions, and 
invocation of different runtime services when the yield point is taken in order to adaptively 
optimize software application during runtime. 



The dynamic nature of the Java programming language presents both the largest challenge and 
the greatest opportunity for high-performance Java implementations. Language features such as 
dynamic class loading and reflection prevent straightforward applications of traditional static 
compilation and interprocedural optimization. As a result, Java Virtual Machine (JVM) 
implementors have invested significant effort in developing dynamic compilers for Java. Because 
dynamic compilation occurs during application execution, dynamic compilers must carefully 
balance optimization effectiveness with compilation overhead to maximize total system 
performance. However, dynamic compilers may also exploit runtime information to perform 
optimizations beyond the scope of a purely static compilation model. 

The first wave of virtual machines provided Just-In-Time (JIT) compilation that relied on simple 
static strategies to choose compilation targets, typically compiling each method with a fixed set 
of optimizations the first time it was invoked. These virtual machines include early work such as 
the Smalltalk-80 as described in "Efficient implementation of the Smalltalk-80 System", 1 1th 
Annual ACM Symposium on the Principles of Programming Languages, pages 297-302, Jan. 
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1984, and Self-91 such as described in the references "Making pure object-oriented languages 
practical", ACM Conference on Object-Oriented Programming Systems, Languages, and 
Applications, pages 1-15, Nov. 1991 to C.Chambers et al. and "The Design and Implementation 
of the Self Compiler, an Optimizing Compiler for Object-Oriented Programming Languages", 
5 Craig Chambers PhD thesis, Stanford University, March 1992 published as technical report 
STAN-CS-92-1420, as well as a number of more recent Java systems such as described in A.-R. 
Adl-Tabatabai, et al, "Fast, effective code generation in a Just-in-Time Java compiler," 
Proceedings of the ACM SIGPLAN f 98 Conference on Programming Language Design and 
Implementation (PLDI), pages 280-290, Montreal, Canada, 17-19 June 1998 and SIGPLAN 
10 Notices, 33(5), May 1998, M.G. Burke, et al, "The Jalapeno dynamic optimizing compiler for 
□ Java", ACM 1999 Java Grande Conference, pages 129-141, June 1999, A.Krall et al., "Efficient 
j Java VM Just-in-Time compilation", J.-L. Gaudiot, editor, International Conference on Parallel 
H Architectures and Compilation Techniques, pages 205-212, Oct. 1998, and, B.-S. Yang, et al., 
LU "LaTTe: A Java VM Just-in-Time compiler with fast and efficient register allocation", 
lj5p International Conference on Parallel Architectures and Compilation Techniques, Oct. 1999. 

'■;f A second wave of more sophisticated virtual machines moved beyond this simple strategy by 
U- dynamically selecting a subset of all executed methods for optimization, attempting to focus 
^ optimization effort on program hot spots. Systems in this category include: the Self-93 system 
20 described in "Reconciling responsiveness with performance in pure object-oriented languages", 
ACM Transactions on Programming Languages and Systems, 18(4):355-400, July 1996 to 
Holzle, et al; the HotSpot JVM such as described in "The Java Hotspot performance engine 
architecture", white paper available at http://java.sun.com/products/hotspot/whitepaper.html, 
Apr. 1999; the IBM Java Just-in-Time compiler (version 3.0) described in "Overview of the IBM 
25 Java Just-in-Time compiler", IBM Systems Journal, 39(1), 2000 to T. Suganama, et al.; and, 

JUDO as described in "Practicing JUDO: Java Under Dynamic Optimizations", SIGPLAN 2000 
Conference on Programming Language Design and Implementation, June 2000 to M. Cierniak, 
et al.. Some second-wave virtual machines also include limited forms of online feedback-directed 
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optimization (e.g., inlining in Self-93), but do not develop general mechanisms for adaptive 
online feedback-directed optimization. 

Many modern programming language runtime environments and tools can benefit from runtime 
feedback from a program. For example, Java virtual machines may use runtime feedback to 
guide optimization of the running program. As another example, program understanding tools 
may gather runtime information and report summaries to the user. An adaptive optimization 
system attempts to optimize an executing program based on its current execution. Such systems 
typically identify sections of the program where significant runtime is spent and recompiles those 
sections with an optimizing compiler. 

Thus, a number of research projects have explored more aggressive forms of dynamic 
compilation: These projects have been described in the following references: "Fast, effective 
dynamic compilation", Proceedings of the ACM SIGPLAN '96 Conference on Programming 
Language Design and Implementation, pages 149-159,Philadelphia, Pennsylvania, 21-24 May 
1996, and SIGPLAN Notices, 31(5), May 1996 to J. Auslander, et al.; "Dynamo: A transparent 
dynamic optimization system", SIGPLAN 2000 Conference on Programming Language Design 
and Implementation, June 2000 to V.Bala, et al.; "Efficient Compilation and Profile-Driven 
Dynamic Recompilation in Scheme", PhD thesis, Indiana University, 1997 to R.G. Burger; "An 
infrastructure for profile-driven dynamic recompilation", ICCL f 98, the IEEE Computer Society 
International Conference on Computer Languages, May 1998, to R.G. Burger et al.;" A general 
approach for run-time specialization and its application to C", Conference Record of the 23rd 
ACM SIGPLAN-SIGACT Symposium on Principles of Programming Languages}, pages 145- 
156, Jan. 1996 by C.Consel et al.; "DyC: An expressive annotation-directed dynamic compiler 
for C", Technical Report TR-97-03-03, University of Washington, Department of Computer 
Science and Engineering, Mar. 1997 by B.Grant, et al.; "An evaluation of staged run-time 
optimizations in DyC", Proceedings of the ACM SIGPLAN'99 Conference on Programming 
Language Design and Implementation, pages 293-304, 1999 by B. Grant, et al.; "Continuous 

YOR920000358US1 3 




G:\work\105\13735\spec\13735.spc 

Program Optimization", PhD thesis, University of California, Irvine, 1999 by T.P. Kistler; 
"Dynamic specialization in the Fabius system", ACM Computing Surveys, 30(3es):l-5, Sept. 
1998, Article 23 by M.Leone et al.; "Efficient incremental run-time specialization for free", 
Proceedings of the ACM SIGPLAN '99 Conference on Programming Language Design and 
5 Implementation, pages 281-292, 1999, by R. Marlet, et al.; and, "A system for fast, flexible, and 
high-level dynamic code generation", Proceedings of the ACM SIGPLAN ! 97 Conference on 
Programming Language Design and Implementation (PLDI), pages 109—121, Las Vegas, 
Nevada, 15-18 June 1997, and SIGPLAN Notices 32(5), May 1997, by M. Poletto, et al. These 
aggressive forms of dynamic compilation use runtime information to tailor the executable to its 
10 current environment. Most of these systems are not fully automatic, and so far, few of these 
□ techniques have appeared in mainstream JVMs. However, these systems have demonstrated that 
Q online feedback-directed optimizations can yield substantial performance improvements. 

Therefore, it would be highly desirable to provide an adaptive online feedback-directed 
\m optimization system for leading-edge JVM technology. 

;Z Previous adaptive systems such as described in the reference "Overview of the IBM Java just-in- 
I;* time compiler," IBM Systems Journal, 39(1), 2000 by T. Suganama, et al., and the reference 
"Reconciling responsiveness with performance in pure object-oriented languages", ACM 
20 Transactions on Programming Languages and Systems, 18(4):355-400, July 1996 to Holzle, et 
al. have relied on intrusive instrumentation in the form of method invocation counters to identify 
and optimize program hot spots. Two drawbacks to this approach are: 1) the overhead of 
incrementing a counter on every method invocation, and 2) the final optimization of a method 
removes the method invocation counters, preventing the method from being identified as a 
25 candidate for future recompilation. 



For example, U.S. Patent No. 5,995,754 to Holzle, et al., describes a system (hereinafter the 
"Self-93" system) for compiling byte-codes associated with executing programs at run-time, and 

YOR920000358US1 4 




G:\work\105\13735\spec\13735.spc 



specifically directed to a mechanism for re-compiling previously compiled or interpreted code 
dynamically, into a more efficient form. In the "Self-93" system, use is made of an invocation 
tracker for tracking the number of invocations of a particular selected method. When the number 
of invocations exceeds a certain threshold value, a method is chosen to be compiled. 

5 Particularly, in the Self-93 system, a call stack, i.e., a thread-specific runtime data structure that 
keeps track of the methods that are currently active in a particular thread, is examined when an 
invocation counter threshold is reached with the goal of determining which active method on the 
call stack is a likely candidate to be compiled. The method to be compiled may then be chosen 
using parameterizable heuristics, such as the size of a method, with the goal that the method that 
10 had the counter exceed its threshold is ultimately inlined, and thus, compiled, into the chosen 
method. When this occurs such method is no longer a candidate for optimization in this context. 

y If there are calls to this method from other methods it may be optimized in that context, but 



W It would be highly desirable to provide an adaptive optimization system for a JVM that 

implements a sampling technique having lower overhead than invocation counters and that drives 



□ It would be further highly desirable to provide an adaptive optimization system for a JVM that 
20 uses multiple optimization levels to improve performance compared to using only a single level 
of optimization. 



25 It is an object of the present invention to provide an adaptive optimization system for a Java 
Virtual Machine (JVM) that implements a sampling technique having lower overhead than 
invocation counters and that drives adaptive and online feedback-directed optimizations. 



again, this can only happen once. 



U adaptive and online feedback-directed optimizations. 



Summary of the Invention 
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It is a further object of the present invention to provide an adaptive optimization system for a 
JVM that uses multiple optimization levels to improve performance compared to using only a 
single level of optimization. 

5 According to the invention, there is provided a sampling-based system and method for adaptively 
optimizing a computer program executing in an execution environment, the execution 
environment comprising one or more compiler devices for providing various levels of program 
optimization, the system comprising: a runtime measurements sub-system for monitoring 
execution of the computer program to be optimized, the monitoring including obtaining raw 
10 profile data samples and characterizing the raw profile data; a controller device for receiving the 
□ characterized raw profile data from the runtime measurements sub-system and analyzing the data 

{. 1 , 3 

%% for determining whether a level of program optimization for the executing program is to be 
H performed by a compiler device, the controller generating a compilation plan in accordance with 
a determined level of optimization; and, a recompilation sub-system for receiving a compilation 
Bp plan from the controller and invoking a compiler device for performing the level of program 
I\ optimization of the executing program in accordance with the compilation plan. 

!=« Advantageously, the sampling and adaptive optimization techniques of the invention may be 
;5 applied not only to application (executing program) code, but also to the JVM itself. That is, the 
20 adaptive optimization may be applied to the JVM subsystems, including the compilers, the thread 
scheduler, the garbage collector, and the adaptive optimization system itself. 

Brief Description of the Drawings 

25 Further features, aspects and advantages of the apparatus and methods of the present invention 
will become better understood with regard to the following description, appended claims, and 
accompanying drawings where: 
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Figure 1 illustrates compilation scenarios for the JVM 100 implementing the adaptive 
optimization techniques of the invention. 

Figure 2 depicts the internal structure of the JVM Adaptive Optimization System (AOS) 200 
5 including the interactions between its subsystem components. 

Figure 3 is an illustrative overview of the adaptive recompilation system according to the present 
invention. 

10 Figure 4 illustrates an implementation for performing online feedback-directed optimizations 
q using the architectural framework depicted in Figure 3. 

H Detailed Description of the Preferred Embodiments 

i$\ For exemplary purposes, the present invention is described for operation in a particular JVM 
| ! a targeting server applications that implement a "compile-only" strategy by compiling all methods 

to native code before they execute, such as described in the references "Jalapeno Virtual 
(I Machine", IBM Systems Journal, 39(1), 2000 by B.Alpern, C. R. Attanasio, et al and 
:iS "Implementing Jalapeno in Java", ACM Conference on Object-Oriented Programming Systems, 
20 Languages, and Applications, 1999, both of which are incorporated by reference as if fully set 

forth herein. However, it is understood that the principles of adaptive optimization as described 

herein may be applicable for any run-time environment, e.g., JVM, interpreters, Just-in-Time 

compilers, etc. 

25 It is assumed the JVM system includes two operational compilers: 1) a baseline compiler for 
translating bytecodes directly into native code by simulating Java's operand stack without 
performing register allocation; and, 2) an optimizing compiler for translating bytecodes into an 
intermediate representation, upon which it performs a variety of optimizations. 
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In the JVM, Java threads are multiplexed onto JVM virtual processors, which are implemented 
as operating system threads. The underlying operating system in turn maps pthreads to physical 
processors (CPUs). At any given moment in time, each virtual processor may have any number 
of Java threads assigned to it for execution. The system supports thread scheduling with a quasi- 
5 preemptive mechanism. Further, each compiler generates yield points, which are program points 
where the running thread checks a dedicated bit in a machine control register to determine if it 
should yield the virtual processor. According to a preferred embodiment, the compilers insert 
these yield points in method prologues and on loop back edges. As known, algorithms exist for 
optimally placing yield points to reduce the dynamic number of yield points executed while still 
10 supporting effective quasi -preemptive thread scheduling. Using a timer-interrupt mechanism, an 
□ interrupt handler periodically sets a bit on all virtual processors. When a running thread next 
Lj reaches a yield point, a check of the bit will result in a call to the scheduler. Figure 1 illustrates 
la compilation scenarios for the JVM 100 implementing the adaptive optimization system 200 of 
! :y the invention. As shown in Figure 1, the JVM compiler may be invoked in three ways. First, 
@ when the executing code 101 reaches an unresolved reference 102, causing a new class to be 
U loaded, the class loader 105 invokes a compiler 1 10 to compile the class initializer 106 (if one 
exists). The class loader 105 also initializes the compiled code for all methods to a lazy 
compilation stub 112. The second compilation scenario occurs whenever the executing code 
q attempts to invoke a method that has not yet been compiled. When this happens, the lazy 
20 compilation stub 1 12 is executed, which leads to the compilation of the method. In these first 
two scenarios, the application thread that caused the compiler to be invoked will stall until 
compilation completes. In the third scenario, which is the focus of the present invention, the 
adaptive optimization system 200 may invoke a compiler 1 10 when profiling data 120 suggests 
that recompiling a method with additional optimizations may be beneficial. 

25 

Figure 2 depicts the internal structure of the JVM Adaptive Optimization System (hereinafter 
"AOS") 200 including the interactions between its subsystem components. As shown in Figure 
2, with more particularity, the JVM AOS 200 includes three subsystems, each of which 
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encompasses one or more separate threads of control. These subsystems include: the runtime 
measurements subsystem 202, the controller 242, and the recompilation subsystem 272. In 
addition to these subsystem components, an AOS database 260 is included to provide a 
repository that records component decisions and allows components to query these decisions. 

5 

With more particularity, the runtime measurements subsystem 202 gathers information about the 
executing methods, summarizes the information, and then either passes the summary along to the 
controller 242 via an organizer event queue 220 or, records the information in the AOS database. 

10 As shown in Figure 2, the structure of the runtime measurements subsystem 202 is depicted. 

Several systems, including instrumentation in the executing code, hardware performance 
; J monitors and VM instrumentation 205, produce raw profiling data 206 as the program runs. 
i s d Additionally, mfimriation is gathered by sampling program execution using techniques such as 

described in commoii^owned, co-pending U.S. Patent application Nos. 

if (YOR9200000357, D#137>4^M^ and,ol/T^ t (YOR9200000357, D#13732). This 
M sampling produces raw profilingfota, which is typically collected in buffers (not shown). After 

□ sufficient raw data has been collected m^buffer, separate threads called organizers 2 1 5 

\Z periodically process and analyze the raw dataSThus, it is understood that the generation of raw 

□ profiling data is separated from the data analysis foHwo reasons: 1) it allows multiple organizers 
20 215 to process the same raw data, possibly in different w&ys; 2) this separation allows low-level 

profiling code to execute under strict resource constraints. Thi^s because not only just 
application code may be monitored, but also system services of the VM. So, for example, low- 
level code that monitors the VM memory allocator must not allocate any objects (it must use pre- 
allocated data structures and buffers) and should complete its task in a short time^period. 

25 
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Controller 

The controller 242 is the brains of the adaptive optimization system 200 as it directs the other 
subsystem components how to perform their tasks. As directed by the controller's measurement 
5 strategy, the runtime measurement subsystem gathers information about executing Java methods 
(including those of the JVM itself) and provides it to the controller. Using this information, the 
controller formulates new measurement and recompilation strategies and communicates them to 
the other subsystems. The recompilation strategy may range from not optimizing any methods to 
compiling several methods at the highest optimization levels. 

10 

□ With respect to Figure 2, the controller 242 directs the data monitoring and creates organizer 

Q threads 2 1 5 to process the raw data at specific time intervals. When awoken, each organizer 2 1 5 
! s i analyzes raw data, and packages the data into a suitable format 221 for input to the controller. 
W Additionally, an organizer 2 1 5 may add information to an organizer event queue 220 for the 
tSi controller to process, or may record information in the AOS database 260 for later queries by 
other AOS components. 

The controller 242 orchestrates and conducts operation of the other components of the adaptive 

□ optimization system. For example, it coordinates the activities of the runtime measurements 
20 subsystem and the recompilation subsystem. The controller initiates all runtime measurement 

subsystem profiling activity by determining what profiling should occur, under what conditions, 
and for how long. It receives information from the runtime measurement subsystem 202 and 
AOS database 260, and uses this information to make compilation decisions. It passes these 
compilation decisions to the recompilation subsystem 272, for directing the actions of the various 
25 compilers. Based on information from the runtime measurements subsystem and the AOS 
database, the controller may perform the following actions: 1) it may instruct the runtime 
measurements subsystem to continue or change its profiling strategy, which could include using 
the recompilation subsystem to insert intrusive profiling; and, 2) it may recompile one or more 
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methods using profiling data to improve their performance. As will be described in further 
detail, the controller makes these decisions based on an analytic model representing the costs and 
benefits of performing these tasks. * 

5 Preferably, the controller thread is created during JVM boot time. It subsequently creates the 
threads corresponding to the other subsystems: organizer threads to perform runtime 
measurements and compilation threads to perform recompilation. The controller further 
communicates with the other two sub-system components using priority queues: it extracts 
measurement events from the organizer event queues 220 that is filled by the runtime 

10 measurements subsystem and inserts recompilation decisions into a compilation queue 250 that 

r3 compilation threads 255 process. When these queues are empty, the dequeuing thread(s) sleep. 

!™( The various system components also communicate indirectly by reading and writing information 

O in the AOS database 260. 

life Recompilation Subsystem 

The recompilation subsystem consists of compilation threads 255 that invoke compilers 1 10. 
u The compilation threads extract and execute compilation plans that are inserted into the 
^ compilation queue 250 by the controller 242. Recompilation occurs in separate threads from the 
20 application, and thus, may occur in parallel. Preferably, the compilation threads check a 

compilation queue for work to be performed. When the queue is empty, as is the case initially, 

the compilation threads sleep. 

Each compilation plan consists of three components: an optimization plan, profiling data, and an 
25 instrumentation plan. The optimization plan specifies which optimizations a compiler should 
apply during recompilation. The profiling data, initially gathered by the runtime measurements 
subsystem, directs the optimizing compiler's feedback-directed optimizations. Instrumentation 
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plans dictate which, if any, intrusive instrumentation the compiler should insert into the 
generated code. 

For instance, the controller communicates to the recompilation subsystem 272 any value- or 
5 control flow-based information reported by the runtime measurements system. To implement a 
measurement plan, the controller may also direct the compiler to insert instrumentation to obtain 
fine-grain profiling information of the method. The recompilation subsystem takes the output of 
the compiler, a Java object that represents the executable code and associated runtime 
information (exception table information and garbage collection maps), and installs it in the JVM 
10 101, so that all future calls to this method will use a new version. 

AOS Database 

: a 
: H 3 

Ly The AOS database 260 provides a repository where the adaptive optimization system records 
lifh decisions, events, and static analysis results. The various adaptive system components query 
: s these artifacts as needed. 

u For example, the controller 242 uses the AOS database to record compilation plans and to track 
;;S the status and history of methods selected for recompilation. The compilation threads also record 
20 the time taken to execute each compilation plan in the database. The data on previous 

compilation plans executed for a method may then be queried by the controller to provide some 

of the inputs 

to the recompilation model described above with respect to recompilation. 

25 As another example, the compilation threads record static analysis and inlining summaries 
produced by the optimizing compiler. The controller and organizer threads query this 
information as needed to guide recompilation decisions. More details on the implementations 
are discussed herein in more detail with respect to the inlining. One important use of this 

YOR920000358US1 12 




G:\work\105\13735\spec\13735.spc 

information, in a preferred implementation, is to detect when a previously optimized method 
should be considered for further optimization because the current profiling data indicates an 
opportunity for new inlining opportunities that were missed when the method was originally 
optimized. This use of the database is discussed in more detail herein with respect to the 
5 inlining. 

Multi-level Recompilation 

An overview of the adaptive recompilation system is now described with respect to Figure 3. As 
10 mentioned, the controller thread 242 creates threads corresponding to the other subsystems, e.g., 
□ organizer threads 2 1 5 to perform sample-based runtime measurements; and, a compilation thread 

:.Q 

j 255 to perform recompilation. After these threads are created, the controller 242 sleeps until the 
runtime measurements subsystem inserts an event in the organizer event queue. 

lgfi In one implementation of the adaptive optimization system, two organizer threads periodically 

|\ process the raw data: a hot methods organizer 2 1 7 and, optionally, a decay organizer thread 2 1 9. 

\* The hot methods organizer 2 1 7 installs a sampling object, e.g., a "listener method", for 

M processing method samples 216 and inserting "hot" method events in the organizer event queue 

: p _; 

: ; 5 220 to enable the controller to consider the methods for recompilation. Each event contains a 
20 method ID and an indication of its relative "hotness". The hot methods organizer 2 17 is 

parameterized by the controller by such quantities as a sample size to determine the duration for 
sampling, and a maximum number of methods to return as being hot. 

The decay organizer 219 functions to decay counters included in the runtime measurements 
25 subsystem 202 and is provided as an optional implementation. Such counters to be decayed 
include a hot method counter and the counters associated with call graph edges as will be 
discussed herein with respect to inlining. By decaying the counters, the system gives more 
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weight to recent samples when determining method or call graph edge hotness. The decay 
organizer 219 does not communicate directly with the controller. 

With more particularity, the compilation thread 255 extracts compilation plans from the 
5 compilation queue 250 and invokes the optimizing compiler 1 10 passing in the compilation plan. 
The compilation thread 250 records the compilation time for the recompiled method in the AOS 
database 260 to allow for more accurate modeling of future recompilation decisions. 

Sampling 

10 

□ The adaptive optimization system of the invention is a sample-based system whereby, in the 
Cj runtime measurement subsystem, samples of the distinguished program points, i.e., those points 
! s fs at which yield points have been inserted into the program, are collected. As will be described, 
W consideration is given to the following: 1) when a yield point is taken; 2) what profiling 
1151 information is collected when a yield point is taken; and 3) how and at what intervals should the 
u raw profiling data be processed by organizers to produce formatted data for the controller. 

Further considered is how the controller 242 evaluates the information provided to it by the 

organizers to identify profitable methods to optimize. 

20 With regard to the placement of yield points, although yield points may be placed at an arbitrary 
subset of program points, the preferred embodiment places yield points in all method prologues 
and in all loop headers (a back edge). As, in some circumstances, identifying loop headers may 
incur unacceptable levels of overhead, an alternative placement of yield points in all method 
prologues and at the targets of all backwards intra-procedural branches may be used instead. In 

25 either case, the system distinguishes between prologue yield points and loop yield points and 
may take different sampling actions when a yield point is taken in a method prologue than when 
a yield point is taken in a loop. 
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Abstractly, a prologue yield point performs the following system operations represented by the 

following pseudocode: 

if (shouldTakePrologueYieldPoint) then 
takePrologueSampleO 
5 end 

Similarly, a loop yield point performs the following system operations: 



if (shouldTakeLoopYieldPoint) then 
10 takeLoopSampleO 
end 

o A preferred embodiment implements a timer based approach. Preferably, associated with 
y shouldTakePrologueYieldPoint and shouldTakeLoopYieldPoint is a reserved bit in the 
lH computer memory which indicates when a yield point should be taken. This bit is referred to as 
W the "trigger bit" and is initially set to 0. Using standard operating system signal mechanisms, an 
Lm interrupt is arranged to occur at periodic time intervals. An interrupt handler is coded to catch 
i\ the timer interrupt. When the handler catches the interrupt, it sets the trigger bit to be 1 . Yield 
points check the value of the trigger bit, and when it is 1 the yield point is taken, a sample is 
collected, and the trigger bit is reset to 0. In this implementation, the pseudo code for prologue 
q yield points is as follows: 



if (trigger Bit == 1) then 

takePrologueSampleO 
25 triggerBit = 0 
end 

Similarly, the pseudo code for loop yield points is as follows: v 



30 if (triggerBit = 1) then 
takeLoopSampleO 
triggerBit = 0; 
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end 

In some architectures, an efficient implementation may be to dedicate a bit in one of the CPU's 
condition registers to hold the trigger bit. 

5 

An alternative to the timer-based approach is use of a decrementing counter to arrange that a 
fixed percentage of all executed yield points are taken. For example, an implementation of the 
counter-based approach is given by the following pseudo-code for prologue yield points: 



10 if (yieldPointCounter = 0) then 

takePrologueSampleO 
. sa% yieldPointCounter = numYieldPointsToSkip; 

= S else 

G yieldPointCounter = yieldPointCounter - 1; 

liS end 

;[1 Similarly, the pseudo-code for loop yield points for this approach is: 

^ if (yieldPointCounter == 0) then 
2(f takeLoopSampleQ 

^ yieldPointCounter = numYieldPointsToSkip; 
''m else 

H yieldPointCounter = yieldPointCounter - 1; 
end 

25 

As will be appreciated by those skilled in the art, a counter-based yield point taking mechanism 
may be efficiently implemented on hardware architectures such as the PowerPC that include a 
count register and a decrement and conditional branch on count instruction. 

30 A third approach blends the first two implementations by using a combined counter and timer 
based yield points in method prologues with a timer only yield point in loops. This may be 
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desirable to support profile-directed inlining. An implementation of this approach is given by the 
following pseudo-code for prologue yield points: 



if (triggerBit = 1 || yieldPointCounter = 0) then 
5 takePrologueSampleO 
if (triggerBit) then 

triggerBit = 0; 
end 

if (yieldPointCounter = 0) 
10 yieldPointCounter = numYieldPointsToSkip; 
end 
else 

yieldPointCounter = yieldPointCounter - 1; 
end 

lP 

H For loop yield points a pseudocode implementation is as follows: 

| [: if (triggerBit = 1) then 
|n takeLoopSampleO 
20 triggerBit = 0; 

i«& end 

u Again, those skilled artisans will appreciate that the above prologue yield point may be 

% efficiently implemented on architectures with a count register and associated machine 

25 instructions. 



In accordance with the teachings of commonly-owned, co-pending U.S. Patent application Nos. 
&Uv "f fc ty§fi£2flQ0-0.03 57, D# 13734), the contents and disclosure of which are incorporated by 
reference herein, it is understoodTfi^ftbwixle^riety of sampling information may be collected 
30/y^" when a yield point is taken. That is, a low-level mecRamsna ii exists that is available to map from a 
taken yield point to a method. Typical mechanisms include (-l )Jnsp50ti^the hardware state to 
determine the instruction address at which the yield point was taken and^mappnTj^hat address to 
a method; and (2) inspecting the program's runtime stack to identify the method in which the 
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yield point was taken, possibly by inspecting the return addresses stored on the runtime stack. 
These low-level sampling mechanisms may further identify and track executing further 



informationsucft alTu i el h o d - ca l l - e entextJa asic blocks (exe cution of control flow paths within 
^ — executing methods) and program variable values which may be processed for characterizing 
5 program behavior. 



Implementations of takePrologueSample and takeLoopSample are now provided. One 
implementation of takePrologueSample and takeLoopSample comprises determining which 
method was executing when the yield point was taken and incrementing a counter associated 
10 with that method. If the yield point was taken in a loop, then the sample should be attributed to 
q the method containing the loop. If yield point was taken in a prologue, then the sample may be 
C f attributed to the calling method, the called method, or to both the calling and called method. A 
*-f. preferred embodiment is to attribute 50% of a sample to each of the caller and callee methods. 



15n In addition to incrementing a method counter, more complex samples may be taken to aid 
i ^ method iT ili l li l ijj Fnr mnmplr , th e t fi rhniqn e i d e scribed in rommonl y- o w n ^d, co-pend ing U.S. 
g Patent Application No. ^?/ r ?°^ ?YOR9200000357, D#l 3732) are potential embodiments for 
takePrologueSample. 

20 According to the preferred embodiment, the system makes a determination of when enough 

samples have been taken to make it profitable to invoke an organizer to process the raw data and 
communicate the resulting formatted data to the controller. The basic mechanism relies on 
counting how many samples are taken and notifying all interested organizers when a sample 
threshold is exceeded. For example, a mechanism implemented for takePrologueSample is 

25 exemplified by the following pseudo-code: . 

subroutine takePrologueSampleO 
collect a prologue sample 
increment numSamples 
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if (numSamples >= sampleSize) then 

notify all interested organizers 

numSamples = 0 
end 

5 

Likewise, the mechanism implemented for takeLoopSample is exemplified by the following 
pseudo-code: 

subroutine takeLoopSampleO 
10 collect a loop sample 

increment numSamples 
if (numSamples >= sampleSize) then 
notify all interested organizers 
m numSamples = 0 
m end 

hi The variable sampleSize may either be a fixed constant, or it may be adaptively varied by the 
; a j: controller. For example, it may be desirable for the controller to increase sampleSize when the 
^ application is in a steady state to reduce organizer and controller overhead. It may also be 

it 

\L 2iB& desirable to decrease sampleSize when the application's working set is rapidly changing to 
1 j 3 enable the controller to quickly identify the new set of important methods to optimize. One 

^ mechanism for accomplishing both of these goals is to have the controller 242 track the decision 
□ it makes for each event it processes from the organizer event queue 220. In particular, the 

controller tracks the length of sequences of events for which it decides to: (1) optimize a method 
25 and (2) not optimize anything. When the controller is frequently deciding to optimize a method 
based on the profiling data, then it decreases the sample size. When the controller is frequently 
deciding to do nothing, it increases the sample size. 

30 After collecting the number of samples specified by its current sample size, the method listener 
wakes the hot methods organizer thread. When awoken, the hot methods organizer scans the 
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method counter raw data to identify methods where the application spends most of its time. The 
organizer deems a method to be "hot" if the percentage of samples attributed to that method 
exceeds a controller-directed threshold and the method is not already compiled at the maximum 
optimization level available. For each hot method it discovers, the hot methods organizer 
enqueues an event in the organizer event queue that contains the method and the percentage of 
samples attributed to the method. Similarly, the controller dynamically adjusts the hotness 
threshold to approximately control the number of hot methods reported by the hot methods 
organizer. If after several sampling periods, "not enough" hot methods are being returned, then 
the controller can decrease the hotness threshold. On the other hand, if "too many" hot methods 
are being returned for several sampling periods, then the controller can increase the threshold. 

The following pseudo-code for the controller's main loop illustrates this as follows: 



begin 

numDidSomething = 0; 
numDidNothing = 0; 

do 

event = removeEventFromOrganizerQueueO; 
if (shouldOptimize(event)) then 
numDidNothing = 0 
increment numDidSomething 
if (numDidSomething > threshold) then 
decrease sampleSize 
numDidSomething = 0 
end 
else 

numDidSomething = 0 
increment numDidNothing 
if (numDidNothing > threshold) then 
increase sampleSize 
numDidNothing = 0 
end 
end 
end 



YOR920000358US1 



20 



G:\work\105\13735\spec\13735.spc 

end 

Some possible implementations of shouldOptimize are described 
below. The call to removeEventFromOrganizerQueue blocks until an 
5 event is available. The value of threshold is an implementation 

dependent constant. It may be desirable to set upper and lower bounds on sampleSize to provide 
guarantees on response time and maximum controller overhead. 

Controller Decision Making 

10 

Based on the data provided to it by the organizers, the controller sub-system 242 must decide 
; *g which methods, if any, currently merit optimization. A number of algorithms may be used for 
E «t making this decision. For example, in each sampling interval, the controller may always 
l fi optimize the hottest "N" methods that are not already optimized. Alternately, in each sampling 
115^= interval, the controller may choose to always optimize any method that is not already optimized 

and accounts for more than N% of the total samples taken. That is, in order to avoid performing 
[~ unnecessary recompilation throughout the application, the recompilation organizer may 
p optionally return only methods that have not already been recompiled at the maximum 
□ optimization level. This filtering assures that the controller does not choose to recompile 
20" methods that are already recompiled at the highest optimization level. However, if optimization 

is tailored to dynamic characteristics of a method, it may be beneficial to reoptimize a method 

even at the highest opt level. 

In the preferred embodiment, the controller uses an analytic model to perform a cost/benefit 
25 analysis to determine which methods should be optimized, and at what optimization level each 
method should be optimized. For purposes of illustration, the optimization levels available to the 
controller are numbered from "0" to "N". For instance, the compiler's optimizations may be 
grouped into several levels: a baseline level, Level 0; a first level, Level 1, comprising mainly of 
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a set of optimizations performed on-the-fly during the translation from bytecodes to the 
intermediate representation. As these optimizations reduce the size of the generated IR 
(intermediate representation), performing them tends to reduce overall compilation time. For 
example, the compiler performs optimizations during IR generation including, but not limited to: 
5 constant, type, non-null, and copy propagation; constant folding and arithmetic simplification; 
unreachable code elimination; and elimination of redundant nullchecks, checkcasts, and array 
store checks; a second level, Level 2, which augments level 1 with additional local optimizations 
such as common sub-expression elimination, array bounds check elimination, and redundant load 
elimination. It also adds inlining based on static-size heuristics, global flow-insensitive copy and 
10 constant propagation, global flow-insensitive dead assignment elimination, StringBuffer 
r -=g synchronization optimizations, and scalar replacement of aggregates and short arrays; and, a third 
level, Level 3, which augments level 2 with SSA-based flow-sensitive optimizations. In addition 
□ to traditional SSA optimizations on scalar variables, the JVM system also uses an extended 
Ld version of Array SSA form to perform redundant load elimination and array bounds check 
l£ elimination. 

For a method "m" currently compiled at level "i", the controller estimates the following 
\1 quantities: 

20 T h the expected time the program will spend executing method "m" if "m" is not 

recompiled; 

Cj, the cost of recompiling method "m" at optimization level "j", for i < j < N. It 
should be understood that the model considers recompilation at the same level because new 
25 profiling information may enable additional speedups over the previous version compiled at level 
"i". This is encoded by a feedback-directed optimization boost factor that is used in the 
calculation of T r 
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T j5 the expected time the program will spend executing method "m" in the future, 
if "m" is recompiled at level "j". 

Using these estimated values, the controller identifies the recompilation level "j" that minimizes 
5 the expected future running time of a recompiled version of "m"; i.e., it chooses the "j" that 
minimizes the quantity Cj + Tj. If Cj + Tj < T„ the controller decides to recompile "m" at level 
"j"; otherwise it decides to not recompile. 

Clearly, the factors in this model are unknowable in practice. The preferred embodiment is based 
10 on the fairly simple estimates as now described. 

:j First, the controller sub-system 242 assumes the program will execute for twice its current 
H duration. So, if the application has run for 5 seconds, the controller assumes it will run for 5 
W more seconds; if it has run for 2 hours, then it will run for 2 more hours. T f is defined to be the 
15H future expected running time of the program. 

i ~ 

\Z The system additionally keeps track of where the application spends time as it runs, using the 
H sampling techniques described previously. The system uses a weighted average of these samples 
n to estimate the percentage of future time P m in each method, barring recompilation. From this 
20 percentage estimate and the future time estimate, the controller predicts the future time spent in 
each method as follows: 

T = T * P 

25 
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For example, if the weighted samples indicate that the application will spend 10% of its time in 
method "m" and the code has run for 10 seconds, the controller will estimate the ftiture execution 
time of "m" to be 1 second. 

5 The weight of each sample starts at one and decays periodically. Thus, the execution behavior of 
the recent past exerts the most influence on the estimates of future program behavior. When the 
controller recompiles methods, it adjusts the future estimates to account for the new optimization 
level, and expected speedup due to recompilation. The system estimates the effectiveness of 
each optimization level as a constant based on offline measurements. Let S k be the speedup 

10 estimate for code at level "k" compared to level "0". Then, if method "m" is at level "i", the 
:>« future expected running time if recompiled at level "j" is given by 

□ T, = T, * S/Sj 

l;$J To complete the cost-benefit analysis, the controller is able to estimate the cost of recompilation. 
The preferred embodiment uses a linear model of the compilation speed for each optimization 
level, as a function of method size. This model is calibrated offline, however, it is understood 

.SETS. 

11 that other models are possible including those computed on-line. 

O 

20 Feedback-Directed Inlining 

According to the principles of the invention, a sampling technique is provided that may be used 
to determine what methods to optimize, i.e., the "hot" methods. According to another aspect of 
the invention, the preferred sampling technique may also be used to determine how to optimize 
25 these hot methods. This process is called online feedback-directed optimizations (FDO), i.e., 
optimizations that are chosen because of feedback from the current executing program. 
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To facilitate online FDO the runtime measurement subsystem is augmented to capture 
4a£ormation about the characteristics of methods being executed. Such characteristics may 



Calling context information may be used to assist the optimizing compiler in making inlining 
decisions. At a high level, the system takes a statistical sample of the method calls in the running 

10 application and maintains an approximation to the dynamic call graph based on this data. Using 
s8 « this approximate dynamic call graph, the system identifies "hot" edges to inline, and passes the 
«! information to the optimizing compiler. The system may choose to recompile already optimized 
□ methods to inline hot call edges. Figure 4 illustrates the structure of the implementation using 
i Vj the architectural framework depicted in Figure 3. When a thread switch occurs in a method 

l£ prologue, the system calls the update method of an edge listener (as well as the method listener, 
* not shown). This edge listener walks the thread's stack to determine the call site that originated 
M the call. The edge listener creates a tuple 230 identifying the calling edge (specified by the 
\2 caller, call site, and callee) and inserts this tuple into a buffer. 

20 When the buffer becomes full, the edge listener is temporarily deactivated (its update method 

will not be called again at a prologue thread switch) and it notifies the dynamic call graph (DCG) 
organizer 232 to wake up and process the buffer. The DCG organizer maintains a dynamic call 
graph 235, where each edge corresponds to a tuple value in the buffer. After updating the 
weights in the dynamic call graph, the DCG organizer clears the buffer, and reactivates the edge 

25 listener. The optional decay organizer 219, a separate thread, periodically decays the edge 
weights in the dynamic call graph. 
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Periodically, the DCG organizer 232 invokes the adaptive inlining organizer 238 to recompute 
adaptive inlining decisions. The adaptive inlining organizer performs two functions. First, it 
identifies edges in the dynamic call graph whose percentage of samples exceed an edge hotness 
threshold. These edges are added to an inlining rules data structure 239, which is consulted by 

5 the controller when it formulates compilation plans. Any edge in this data structure will be 
inlined if the calling method is subsequently recompiled, subject to generous size constraints. 
The system sets the initial edge hotness threshold fairly high, but periodically reduces it until 
reaching a fixed minimal value. Effectively, this forces inlining to be more conservative during 
program startup, but allows it to become progressively more aggressive as profiling data 

10 accumulates. 

U The second function of the adaptive inlining organizer 238 of Figure 4 is to identify methods that 
H are candidates for further recompilation to enable inlining of hot call edges. To be identified as a 
W recompilation candidate by the inlining organizer, a method must satisfy two criteria. First, the 
\m method must be hot, as defined by the hotness threshold used by the hot method organizer. 
|\ Second, recompiling the method must force a new inlining action, as dictated by the inlining 
rules data structure 239. 

i"5 When the adaptive inlining organizer identifies a method for recompilation, it enqueues an event 
20 representing the method for consideration by the controller. The organizer estimates a boost 

factor, i.e., an estimate of the greater efficacy of optimization on the method, due to the adaptive 
inlining rules. The controller incorporates this boost factor into its cost/benefit model described 
herein. 

25 It is understood that many factors can contribute to the expected boost factor, including the 

elimination of call/return overhead and additional optimizations enabled by inlining. Values of 
parameters can be used to construct specialized versions of the methods where parameters are 
assumed to have certain common values. For example, if the system may determine that a 
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method is often called with a value of 100 passed as the first parameter, a special version of the 
called method may be constructed, where the optimizing compiler assumes the parameter has the 
value of 100 and propagates this value throughout the method. Because a method f s computation 
is often dependent on the value of its parameter, this specialization can lead to a more efficient 
version of the method. 

Common control flow path information can be used to optimize machine code layout. For 
example, instructions on hot control flow paths can be located sequentially to improve i-cache 
performance. This information can also be useful in guiding register allocation decisions, such 
as when to spill a register to memory. 

While the invention has been particularly shown and described with respect to illustrative and 
preformed embodiments thereof, it will be understood by those skilled in the art that the 
foregoing and other changes in form and details may be made therein without departing from the 
spirit and scope of the invention which should be limited only by the scope of the appended 
claims. For example, the sampling and adaptive optimization techniques of the invention may be 
applied not only to application code, but also to the JVM itself. That is, the adaptive 
optimization may be applied to the JVM subsystems, including the compilers, the thread 
scheduler, the garbage collector, and the adaptive optimization system itself. 
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